How experiences during development cause longlasting changes in sensory circuits and affect behavior in mature animals are poorly understood.
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In Brief Kaneko et al. show a novel mechanism that enables the nervous system to establish long-lasting functional changes in a sensory pathway-specific manner. They demonstrate that by enhancing feedback inhibition, noxious inputs during development specifically reduce the function of the nociceptive circuit.
INTRODUCTION
The genome directs the wiring of neural circuits so that animals can deal with experiences common to their species. Yet to cope with the uncertainties an individual animal encounters, the nervous system must possess the capacity to modify its circuitry based on that particular animal's sensory experiences. This can be achieved in both mature and developing animals. In fact, sensory experience during development often has a unique and profound impact on the behaviors of mature animals (Hubel and Wiesel, 1970) . However, the mechanisms that underlie the experience-dependent plasticity of neural circuits during development are poorly understood.
Sensory pathway-specific plasticity enables the nervous system to establish long-lasting functional changes in a select modality while maintaining the normal functions of other sensory modalities. Previous studies have discovered such long-lasting, sensory pathway-specific plasticity in vertebrates. For example, the homeostatic synaptic plasticity in multisensory neurons that receive both visual and mechanosensory inputs in the optic tectum of Xenopus tadpoles occurs in a sensory pathway-specific manner (Deeg and Aizenman, 2011) . Very little is known about the mechanisms that mediate sensory pathway-specific plasticity of neural circuits.
Due to its relatively simple nervous system and amenability to circuit manipulation and genetic analysis, Drosophila melanogaster is potentially a good model for revealing the principles of experience-dependent plasticity during development. Studies on the neuromuscular junctions of Drosophila larvae have yielded critical insights into mechanisms that underlie activity-dependent plasticity during development (Griffith and Budnik, 2006; Menon et al., 2013; Ruiz-Cañ ada and Budnik, 2006) . However, additional experimental systems are needed to elucidate the plasticity mechanisms in the CNS, which involve interneurons and exhibit convergence and divergence in information flow, and the impact of developmental plasticity on animal behavior. In the larval visual system, prolonged light exposure results in shortened dendrites and reduced calcium responses in neurons postsynaptic to photoreceptors, whereas reduced exposure results in the opposite structural and functional modifications (Yuan et al., 2011) . However, how these structural and physiological changes affect larval behavior and whether this system can be used to study interactions among different sensory modalities are unknown. This knowledge gap has motivated us to develop a system that links synaptic physiology to behavior in Drosophila to examine the mechanism of sensory input-induced plasticity during development.
Drosophila melanogaster live in a wide range of geographic locations and diverse environments (Singh et al., 1982) . During development Drosophila larvae encounter noxious stimuli, such as chemicals from plants and pesticides, intense radiation and heat, and harsh mechanical stimuli from predators. We reasoned that, as Drosophila larvae typically live in inescapable environments that contain their food source, adjustment of their nociceptive responses to the surrounding environment would allow them to adapt to the environment for survival and to respond appropriately to true noxious stimuli. In larvae, noxious cues are detected by the nociceptors-called class IV dendritic arborization (C4da) neurons ( Figure S1A )-and elicit a series of stereotypical behavioral responses in third instar larvae (Hwang et al., 2007) . The same responses can also be induced by direct activation of the nociceptors with channelrhodopsin (ChR2) Hwang et al., 2007) . While the morphology and functions of C4da neurons have been well characterized (Corty et al., 2009; Hwang et al., 2007; Kim et al., 2013; Wang et al., 2013; Yang et al., 2014) , downstream neurons of the larval nociceptive circuit have just begun to be identified. An elegant study recently demonstrated that C4da nociceptors directly synapse on a group of neurons, termed Basin-2 and -4 neurons, which also receive inputs from mechanosensory neurons and are involved in the multimodal integration of nociceptive and mechanosensory information . Because of this advance, we are now able to analyze the development and physiology of the nociceptive circuit.
In this study, we demonstrate that a feedback circuit motif provides the basis for sensory pathway-specific plasticity in the developing Drosophila nociceptive circuit. We first show that functional development of the nociceptive circuit in Drosophila is regulated by noxious sensory inputs. In investigating the underlying mechanism, we identified a group of second-order neurons (SONs) that receive inputs from nociceptors, but not mechanosensors, which reveals that the larval nociceptive circuit contains components for both multimodality integration and modalityspecific processing. Taking advantage of this feature of the circuit, we demonstrate that sensory input-induced plasticity of the nociceptive circuit exhibits a striking degree of pathway-specific adaptation to noxious inputs. We further show that this pathway specificity is, at least in part, achieved through feedback inhibition of the nociceptor presynaptic terminals by serotonergic interneurons. This unique mechanism enables the nervous system to establish long-lasting functional changes in a sensory pathway-specific manner, without disrupting other modalities.
RESULTS

Noxious Experience during Development Suppresses Larval Nociceptive Behavior
Stimulation of the nociceptors of Drosophila larvae elicits a series of behavioral responses, which begin as an abrupt curling of the body and are often followed by rolling the body along the rostrocaudal axis (Hwang et al., 2007) (Figure 1A ). Using the nociceptive circuit and its robust behavioral output as a model, we investigated the functional consequences of exposure to noxious stimuli during development.
Plants have developed various noxious chemical compounds to repel insects. Among these compounds, allyl-isothiocyanate (AITC), which is found in cruciferous plants and used as a food flavoring, preservative, and, in high concentrations, insecticide (Wu et al., 2009) , acts through TrpA1 channels to excite C4da nociceptors in Drosophila larvae (Xiang et al., 2010; Zhong et al., 2012) . Consistently, we found that AITC activated C4da neurons ( Figure 1B) . To test the consequences of exposure to AITC during development, we reared larvae in an environment containing AITC at a concentration comparable to that found in plants (Sultana et al., 2003) . The nociceptive behavioral responses of mature larvae (late third instar) were tested with optogenetic activation of C4da neurons, as described previously Hwang et al., 2007) . Larvae raised on AITC exhibited suppression of nociceptive rolling behavior ( Figures  1C and S1B ), suggesting that noxious stimulation during development suppresses nociceptive behavior.
To determine whether developmental activation of nociceptors is sufficient to suppress nociceptive behavior, we specifically activated C4da neurons during development using an optogenetic approach. ChR2 was specifically expressed in C4da neurons and activated in developing larvae with brief pulses of blue light (5 s of illumination followed by a 5-min break). Red light, which does not activate ChR2, was used as a negative control. After larval development was complete 5 days after egg laying (AEL), nociceptive behavior was tested with exposure to blue light after at least 1 hr in the dark. Rearing these larvae under pulses of blue light during development dramatically suppressed nociceptive responses, including rolling, curling, and overall response (as demonstrated by changes in body angle) ( Figures  1D, S1C , and S1D).
The extent of the sensory input-induced suppression of nociceptive behavior depended on the intensity of developmental stimulation ( Figure 1E) . A low intensity of optogenetic stimulation during development led to a behavioral suppression that was comparable to AITC-induced suppression ( Figure 1C ). Regardless of the intensity, developmental stimulation suppressed the maximal responses ( Figure 1E ), which effectively reduced the gain of the nociceptive circuit.
ChR2-mediated suppression of nociceptive behavior is not due to the bleaching of all-trans-retinal (ATR), a key component in ChR2 function (Figures S1E and S1F) . Consistent with a previous report that intense blue light activates nociceptors (Xiang et al., 2010) , illumination with blue light alone (without ATR) during development led to a mild decrease in nociceptive rolling ( Figure S1G ). Moreover, developmental activation of nociceptors did not change the size or targeting of their presynaptic terminals ( Figure S2 ).
This behavioral suppression was not due to acute changes, because it was absent in larvae reared under constant darkness for 5 days before being illuminated with pulsed red or blue light for 1 hr ( Figure 1F ). Furthermore, stimulating nociceptors on days 3 and 4 (late second and early third instar larval stages) suppressed the nociceptive response in mature larvae that were tested on day 5 ( Figure 1G ), suggesting that the functional development of larval nociceptive behavior is regulated by nociceptor activity. This result also demonstrates that the plasticity is long lasting (>24 hr).
Taken together, these results show that noxious experience during development leads to long-lasting suppression of nociceptive behavior in the Drosophila larva ( Figure 1H ).
A08n Neurons Are Specific Postsynaptic Targets of Nociceptors
To identify the mechanism that underlies the sensory inputinduced plasticity of larval nociceptive behavior, it is necessary to analyze the neurons downstream of the nociceptors. Recent advances in delineating the larval nociceptive circuit have identified two groups of segmentally repeated neurons, Basin-2 and -4, as postsynaptic targets of both nociceptors and NompC-expressing mechanosensory neurons . In addition, a pair of neurons, called A08n, has been (C) Larvae raised on AITC exhibit reduced nociceptive behavior. Top panel: a diagram shows the experimental scheme. The developmental timeline of larvae is shown as days 1-5, with day 1 being the first day of development after egg laying (AEL) and day 5 being the time when the larvae are at the late third instar stage. Control larvae were reared on regular food throughout development (black bar), whereas experimental larvae were reared on food containing 2.5 mM AITC (green bar). The vertical blue bar indicates the blue light used in optogenetic stimulation for behavioral tests on day 5, and the vertical black bar indicates the 1 hr of darkness prior to the tests. Throughout the paper, the following color coding is used: green, AITC; black, darkness or no AITC; red, red light (617 nm); blue, blue light (470 nm); and gray, ATP. Moreover, the expression of proteins for stimulating nociceptors (i.e., ChR2, CsChrimson, and P2X 2 ) is indicated by ''C4da > proteins'' above the timeline bars. Bars represent the percentage of total larvae that performed rolling following curling (curl / roll), curling only, and no response (n = 75 larvae per group). Note that every roll starts with curling. (D) Optogenetic stimulation of nociceptors during larval development leads to a dramatic suppression of nociceptive behavior (n = 45 larvae per group). (E) Developmental stimulation suppresses the maximal response of nociceptive behavior in mature larvae. Larvae that expressed ChR2 in C4da neurons were reared under pulses of red (28 mW/mm 2 ) or blue light (0.7 or 28 mW/mm 2 ) during development. Rolling responses of late third instar larvae were tested with five different intensities of blue light (0.7, 5, 14, 28, and 38 mW/mm 2 ) (n = 115, 88, and 69 larvae for red, 0.7 mW/mm 2 blue, and 28 mW/mm 2 blue, respectively).
(F) Larvae that received acute stimulation (1 hr) of nociceptors do not exhibit suppression of nociceptive behavior (n = 60 larvae per group). (G) Stimulating nociceptors on days 3 and 4 AEL suppressed nociceptive behavior in mature larvae tested on day 5 (i.e., 24 hr after pulse stimulation) (n = 100 larvae for each group). identified as potentially postsynaptic to C4da neurons (Figure 2A ). Using an improved GFP reconstitution across synaptic partners (GRASP) technique, termed synaptobrevin-GRASP (syb-GRASP) , we found that A08n dendrites are synaptic partners of C4da axon terminals, but not those of mechanosensory neurons ( Figures  2B and 2C ), raising the possibility that C4da-to-A08n synaptic transmission is dedicated to the nociceptive circuit. To test this, we used calcium imaging to record nociceptor-evoked responses of A08n and Basin-4 neurons. Activation of nociceptors by AITC elicited robust responses in A08n neurons ( Figure 2D ). These AITC-elicited responses were nociceptor dependent, because no response was observed when C4da neurons were genetically ablated or the peripheral nervous system (PNS) was disconnected from the CNS. As shown later in Figure 3 , the nociceptor-elicited responses in A08n neurons were further confirmed by chemogenetic stimulation of nociceptors. In contrast, activation of mechanosensors did not elicit any response in A08n neurons ( Figure 2E ), suggesting that C4da-to-A08n transmission is dedicated to the nociceptive circuit. Consistent with the previous report that Basin-4 is postsynaptic to both nociceptors and mechanosensors , Basin-4 responded to activation of both nociceptors and mechanosensors ( Figures 2F and 2G ). The role of A08n neurons in larval behavior has not been identified, although optogenetic stimulation of GMR82E12-GAL4-expressing neurons, which include A08n neurons, leads to a behavior probability distribution that resembles the behavioral output caused by nociceptor activation . Indeed, optogenetic stimulation of GMR82E12-Gal4-expressing neurons by CsChrimson elicited abrupt body curling , indicating that these neurons play a major role in the initial step of nociceptive behavior ( Figure 2H ).
In addition to the A08n neurons in the ventral nerve chord (VNC), the GMR82E12-GAL4 driver marks some neurons in the central brain. To confirm the role of A08n neurons in nociceptive behavior, we took advantage of the FLP-out mosaic technique to express CsChrimson in both, one, or none of the two A08n neurons (Gordon and Scott, 2009; Struhl and Basler, 1993; Yang et al., 2014) (Figures 2I and S3 ). With no expression of CsChrimson in A08n neurons, larvae rarely exhibited nociceptive response despite CsChrimson expression in the central brain. On the other hand, larvae expressing CsChrimson in both A08n neurons exhibited nociceptive behavioral responses at the same level as larvae that expressed CsChrimson in all GMR82E12-GAL4 neurons; larvae expressing CsChrimson in one of the two A08n neurons responded at about half the level of those that expressed in both neurons. Therefore, activating A08n neurons is sufficient to elicit nociceptive behavior. We then silenced the A08n neurons by expressing the inwardly rectifying potassium channel Kir2.1 in these neurons Hodge, 2009; Johns et al., 1999) while simultaneously stimulating ChR2-expressing C4da neurons, and we recorded behavioral responses. Larvae with inhibited A08n neurons showed a reduction in nociceptive behavior in response to C4da activation ( Figure 2J ). The incomplete suppression of nociceptive behavior in the absence of A08n activity is likely because the nociceptive circuit consists of multiple pathways downstream of C4da nociceptors, such as the Basin-Goro pathway . These results demonstrate that A08n neurons mediate nociceptive behavior.
Nociceptor Input-Induced Plasticity Is Sensory Pathway Specific Results presented so far show that increased input through nociceptors during development leads to long-lasting suppression of nociceptive behavior. Moreover, while Basin-4 neurons C4da a a C4 C4 C4 C4 C4 C4 C4 4 (C) Stimulation of C4da neurons by AITC (2.5 mM) during development inhibits C4da-to-Basin-4 transmission. Because the responses of Basin-4 neurons are highly variable within each VNC (data not shown) (Jovanic et al., 2016) , the average of maximum DF/F 0 of ten Basin-4 neurons from abdominal segments 3-7 in each VNC was calculated to represent Basin-4 activity in each VNC (i.e., each dot indicates one larva) (n = 7 and 6 larvae in ÀAITC and +AITC, respectively).
(D) Treating larvae with AITC (2.5 mM) during development does not alter the mechanosensor-to-Basin-4 transmission (n = 14 larvae per group).
(legend continued on next page) receive synaptic inputs from both nociceptors and mechanosensors, A08n neurons receive synaptic inputs from nociceptors, but not mechanosensors. Next, we set out to identify where the plasticity occurs. We first examined the activity of the nociceptive pathway-specific target neurons A08n by calcium imaging. Nociceptors were stimulated during development by either ChR2-mediated optogenetics followed by acute AITC stimulation in mature larvae for calcium imaging ( Figures 3A and S4 ) or by AITC during development followed by acute chemogenetic activation of nociceptors for calcium imaging ( Figures 3B-3D ). In the chemogenetic approach, the vertebrate P2X 2 receptor, an ATP-activated cation channel absent in Drosophila (Hu et al., 2010; Lima and Miesenbö ck, 2005) , was specifically expressed in nociceptors. Perfusion with solutions containing ATP activates P2X 2 Zemelman et al., 2002) and, consequently, stimulates nociceptors. A08n neurons' response to nociceptor stimulation was significantly reduced after developmental stimulation (Figures 3A and 3B) . A similar reduction in A08n response was caused by C4da activation on days 3 and 4 of development ( Figure S4 ), which is consistent with the behavioral output ( Figure 1G ).
We next took advantage of the multimodal inputs to Basin-4 to study the specificity of sensory input-induced plasticity of the larval nociceptive circuit. After developmental treatment of AITC, Basin-4's responses to nociceptor stimulation were significantly reduced ( Figure 3C ). In contrast, Basin-4 response to mechanosensor stimulation was not affected by enhanced noxious inputs during development ( Figure 3D ).
Suppression of C4da-to-SON transmission by developmental stimulation was not caused by changes in sensory transduction in the nociceptors, because no change in calcium response in either C4da somata or their axon terminals was observed (Figures 3E and 3F) .
These results suggest that nociceptive inputs during development specifically suppress synaptic transmission from nociceptors to SONs, but not from mechanosensors-even to the same SONs ( Figure 3G ).
Serotonergic Neurons Are Required to Establish
Sensory Input-Induced Plasticity of the Larval Nociceptive Circuit Next, we set out to determine what mediates developmental experience-dependent suppression of nociceptive behavior. The serotonergic system is involved in synaptic and behavioral plasticity of the mature nervous system in various species, including mammals (Lesch and Waider, 2012) , Aplysia (Kandel, 2001) , and C. elegans (Zhang et al., 2005) . In Drosophila larvae, the processes of serotonergic neurons, which specifically express tryptophan hydroxylase (TRH) (Huser et al., 2012) , are near the C4da axon terminals ( Figure 4A ). This raises the possibility that serotonin (5-HT) modulates synaptic transmission from C4da neurons to their targets and contributes to the synaptic and behavioral plasticity of the larval nociceptive circuit.
To test this, we silenced serotonergic neurons and examined the consequences for nociceptive behavior. Silencing serotonergic neurons partially rescued nociceptive behavioral responses in larvae whose nociceptors had been stimulated during development ( Figures 4B and 4C ). Silencing serotonergic neurons did not affect nociceptive behavioral responses when nociceptors were not stimulated during development (Figure S5) . These results suggest that serotonergic neurons are required to establish nociceptive input-induced plasticity in larvae.
We next investigated whether enhancing serotonergic signaling during development leads to suppression of nociceptive behavior. Feeding larvae with the precursor to serotonin, 5-hydroxytryptophan (5-HTP), which increases serotonin levels in the body (Yuan et al., 2006) , led to subdued nociceptive behavior ( Figure 4D ). Feeding 5-HTP, which has a half-life of about 4 hr (Westenberg et al., 1982) , to larvae during the first 2 days of development also suppressed nociceptive behavior ( Figure 4E ), suggesting that the effects on behavior are due to developmental changes in the nociceptive circuit.
Consistent with the results from behavioral studies, silencing serotonergic neurons rescued A08n responses to nociceptors in mature larvae that had experienced chronic noxious inputs ( Figure 4F ), while feeding larvae with 5-HTP led to a suppression of C4da-to-A08n transmission ( Figure 4G ). Furthermore, optogenetic activation of serotonergic neurons during development reduced C4da-to-A08n transmission ( Figure 4H ). Since serotonergic neurons were not activated during calcium imaging in these experiments, this result again demonstrates that developmental activation of serotonergic neurons suppresses C4da-to-SON synaptic transmission.
Taken together, these results suggest that serotonergic neurons play an essential role in establishing nociceptive inputinduced plasticity in the developing larval nociceptive circuit.
Stimulation of Nociceptors Activates Serotonergic Neurons via SONs in the Nociceptive Pathway
To understand how serotonergic neurons contribute to nociceptor input-induced plasticity, we investigated whether nociceptors regulate the activity of serotonergic neurons. Stimulation of nociceptors activated serotonergic neurons in larval VNC (Figure 5A ). Silencing A08n, Basin-4, or all four Basin (Basin-1-4) neurons partially reduced nociceptor-induced activation of serotonergic neurons ( Figure 5B ), suggesting that nociceptors activate serotonergic neurons through the SONs. To directly test this, we stimulated A08n or Basin-4 neurons with ATP/P2X 2 , and we found that both SONs activated serotonergic neurons ( Figure 5C ). These results suggest that stimulation of nociceptors activates serotonergic neurons through the SONs.
(E and F) Larvae raised in environments with and without AITC (2.5 mM) have similar levels of noxious stimulation-induced calcium responses in C4da somata (E) and axon terminals (F) (n = 6 and 7 neurons [four larvae per group] in ÀAITC and +AITC, respectively, E; n = 6 neurons from three larvae per group, F). (G) Schematics showing the pathway specificity of nociceptor input-induced plasticity in synaptic connections between larval nociceptors and SONs in the circuit. Left: circuit diagram shows connections under normal developmental conditions. Right: high levels of nociceptive input specifically suppress synaptic transmission from nociceptors to SONs. Error bars represent SEM. See also Figure S4 . Serotonergic Signaling Inhibits Nociceptor-to-SON Transmission We then investigated how serotonergic signaling modulates nociceptor-to-SON synaptic transmission. Our results suggest that serotonergic signaling modulates this synapse through presynaptic inhibition ( Figure 5D ). First, ipsapirone, an agonist of the vertebrate 5-HT1a receptor (Glaser and Traber, 1985; Maj et al., 1987; Traber et al., 1984) , inhibited C4da-to-A08n transmission ( Figures 5D and 5E ). In Drosophila, ipsapirone may act as an agonist to both 5-HT1a and 5-HT1b, since these two receptors are similarly homologous to mammalian 5-HT1a receptors (Saudou et al., 1992) . Second, ipsapirone reduced nociceptor-evoked increases in cyclic AMP (cAMP) levels in C4da presynaptic terminals ( Figure 5F ). Because 5-HT1 receptors are G protein-coupled receptors (GPCRs) that downregulate cAMP levels in cells (Raymond et al., 1999) , this result suggests serotonergic modulation of C4da presynaptic terminals. Last, RNAi-mediated knockdown of 5-HT1b in C4da neurons, but not that of 5-HT1a or an unrelated protein (mCherry), reduced inhibition of C4da-to-A08n transmission by ipsapirone (Figure 5G ). In contrast, knockdown of 5-HT1b in A08n neurons had no effect ( Figure 5H ). These results suggest that 5-HT1b in C4da axon terminals mediates inhibition of nociceptor-to-A08n transmission by serotonin. Consistent with physiological results, we found that the terminals of serotonergic neurons intimately intertwined with C4da presynaptic terminals ( Figure S6A ). However, we did not detect significant syb-GRASP signal from serotonergic terminals to C4da presynaptic terminals ( Figure S6B ). This suggests that the distance between serotonergic terminals and C4da presynaptic sites is larger than that of conventional synapses (<100 nm). This finding may not be surprising because serotonergic terminals are known to modulate synaptic transmission through volume transmission or extra-synaptic transmission. In fact, 5-HT1b receptors are found predominantly at extra-synaptic and nonsynaptic sites in rat brains (Riad et al., 2000) .
Taken together, these results suggest that SONs activate serotonergic neurons to inhibit nociceptor-to-SON synaptic transmission by acting on nociceptor presynaptic terminals, forming an inhibitory feedback loop ( Figure 5I ).
Developmental Stimulation of Nociceptors Sensitizes Nociceptor Presynaptic Terminals to Serotonergic Inhibition
Our finding of feedback serotonergic modulation led us to hypothesize that developmental stimulation of nociceptors alters the level of this modulation to establish plasticity in C4da-to-SON transmission. Developmental stimulation of C4da neurons did not affect C4da-elicited responses of serotonergic neurons ( Figure 6A ). Thus, we tested the possibility that developmental stimulation sensitizes nociceptor presynaptic terminals to serotonergic inhibition of C4da-to-SON transmission. Results from two experiments support this possibility. First, 1 mM ipsapirone significantly inhibited C4da-to-A08n transmission after developmental stimulation of nociceptors, but not when nociceptors were not stimulated during development ( Figure 6B) . Similarly, while 10 mM ipsapirone only partially inhibited C4da-to-A08n transmission when nociceptors were not stimulated during development, it completely inhibited this synaptic transmission after developmental stimulation of nociceptors. These results indicate enhanced sensitivity to ipsapirone of C4da-to-A08n synaptic transmission. Second, developmental stimulation of nociceptors significantly reduced the sensory input-induced increase in cAMP levels in C4da axon terminals ( Figures 6C and 6D ), without affecting basal cAMP levels ( Figure 6E ).
Consistent with a change in presynaptic modulation of nociceptor-to-target transmission, developmental stimulation of nociceptors did not reduce the responsiveness of SONs. Larval sensory neurons are known to use acetylcholine (ACh) as the transmitter (Salvaterra and Kitamoto, 2001 ). We tested A08n responses to different concentrations of nicotine, which specifically activates ionotropic ACh receptors (AChRs), and we recorded A08n response by calcium imaging. Developmental activation of nociceptors did not reduce A08n's response to nicotine ( Figure 6F ).
Taken together, these results suggest that nociceptor activity during development enhances 5-HT1R-mediated inhibition of nociceptor-to-SON transmission by regulating presynaptic terminals. Such sensory afferent-specific regulation of presynaptic terminals likely maintains the function of other sensory pathways that share central neurons with the nociceptive circuit. (B and C) Silencing TRH neurons partially rescued nociceptive behavioral responses in larvae whose nociceptors were optogenetically stimulated during development. TRH neurons were silenced by Kir2.1 expression with TRH-Gal4. The control lacked TRH-Gal4. In (B), n = 120 (control + red), 120 (control + blue), 135 (TRH > Kir2.1 + red), and 120 (TRH > Kir2.1 + blue) larvae. In (C), n = 42 (TRH) and 40 (TRH > Kir.21) larvae. (F) Silencing TRH neurons rescues A08n activity in larvae that experience high levels of nociceptive inputs during development. Control, larvae that have normal TRH activity due to the lack of TRH-Gal4 driver for expressing UAS-Kir2.1 (n = 12 and 13, respectively, for red and blue illuminations); TRH > Kir2.1, larvae whose TRH neurons were silenced by the expression of Kir2.1 (n = 12 and 13, respectively, for red and blue illuminations). (B) Silencing SONs suppresses nociceptor-induced activation of serotonergic neurons. C4da, A08n, Basin-4, and Basin-1-4 were inhibited by expressing Kir2.1. AITC was used to stimulate C4da neurons (n = 12, 6, 7, 9, and 8 larvae in control, C4da, A08n, Basin-4, and Basin-1-4 groups, respectively).
(legend continued on next page)
DISCUSSION
We define here a novel mechanistic model that explains pathwayspecific, experience-dependent plasticity during development. Nociceptors activate SONs in the nociceptive circuit, which in turn activate modulatory serotonergic neurons; the latter suppress transmission from nociceptors to SONs, thereby forming a feedback circuit motif. During development, stimulation of nociceptors activates serotonergic neurons to sensitize nociceptor presynaptic terminals to serotonergic inhibition, reducing nociceptive behavioral responses in mature larvae ( Figure 6G ).
Sensory Gating through Presynaptic Inhibition at the First Synapse of the Nociceptive Circuit
To prevent an overload of irrelevant or low-priority information, the nervous system filters out sensory afferents elicited by redundant or unnecessary stimuli. Although this process, referred to as sensory gating, occurs at multiple levels in the nervous system (Freedman et al., 1996; McCormick and Bal, 1994) , presynaptic inhibition at the first synapse of sensory pathways appears to be a recurrent theme in sensory gating across species. For example, in the Drosophila olfactory system, GABAergic inhibition of the terminals of olfactory receptor neurons (ORNs) controls the information flow in the olfactory circuit (Olsen and Wilson, 2008; Root et al., 2008) ; the levels of presynaptic inhibition, which are mediated by GABA B R2 receptors, are different in distinct types of ORNs to achieve appropriate responses to various olfactory cues (Root et al., 2008) .
Previous studies in other organisms have shown that presynaptic inhibition of nociceptor terminals controls the sensory afferent in the nociceptive pathway. Both external stimuli and internal activities can inhibit nociceptor-to-SON synaptic transmission and, consequently, alter the animal's response to noxious stimuli (Fields, 2004; Kuner, 2010) . This allows the animal to ignore noxious stimuli so that it can perform other behavior(s) that may be more important or, in an inescapable situation, adapt to the stimuli. Whether or not the presynaptic inhibition of nociceptor terminals exists in Drosophila was unknown.
In the present study, we discovered presynaptic inhibition at the first synapse of nociceptive circuit in the Drosophila larva. Moreover, we found that serotonergic signaling mediates this presynaptic inhibition. Serotoninergic systems are known to modulate sensory gating in several animal species. For example, in the medicinal leech, feeding inhibits the synaptic transmission from tactile mechanosensory neurons to all their SONs (Gaudry and Kristan, 2009) , which can be mimicked by serotonin and blocked by an antagonist of serotonin receptors. Such a modulation of sensory gating establishes the priority of feeding over tactile behaviors. Moreover, in Drosophila, serotonin modulates olfactory processing by enhancing olfactory responses of the SONs, the projection neurons, in an odorant-specific fashion (Dacks et al., 2009) . Therefore, serotonergic inhibition of the first synapse of sensory circuits is a mechanism that underlies sensory gating in multiple sensory systems. Our study shows that serotonergic neurons are part of a feedback loop that inhibits nociceptor-to-SON synaptic transmission in the Drosophila larva, which reveals a circuit motif that underlies the presynaptic inhibition of the first synapse of nociceptive circuit (Figure 7) .
A Novel Mechanism that Underlies Sensory Pathway Specificity in Sensory Input-Induced Plasticity
Our results demonstrate pathway specificity in the plasticity of the Drosophila nociceptive circuit. Although mechanosensory and nociceptive pathways converge on shared SONs (e.g., Basin-4) to integrate inputs from two different sensory modalities , developmental noxious input only modifies nociceptor-to-SON transmission ( Figures 3A-3D) . A unique aspect of this form of plasticity is that it is mediated through a group of interneurons (i.e., the serotonergic neurons) that receive inputs from SONs (Figure 7 ). Several aspects of this circuit motif contribute to sensory pathway specificity of the plasticity. First, it is different from the serotonergic facilitation that occurs during sensitization of the defensive gill-withdrawal reflex in Aplysia, in which serotonergic neurons are activated by another sensory pathway (Kandel, 2001 ). This makes sense, because the pathway-specific plasticity described here is not a form of associative learning. Co-activation of SONs in the sensory circuit and modulatory interneurons, which provide a feedback control, forms a circuit motif that allows the establishment of long-lasting (C) Stimulation of SONs activates serotonergic neurons. ATP was used to activate neurons expressing P2X 2 . Larvae in ''no P2X 2 '' group had no P2X 2 expression due to the lack of a GAL4 driver and a P2X 2 transgene (n = 7, 12, 12, and 10 larvae in control, C4da, A08n, and Basin-4 groups, respectively). (D and E) Ipsapirone (100 mM) inhibits C4da-to-A08n synaptic transmission. ATP/P2X 2 was used to activate C4da neurons. (D) Traces show the averages of responses. (E) Quantification and statistical analysis are shown (n = 8, 6, and 10 neurons, five larvae per group). (F) Ipsapirone (10 mM) diminishes AITC-elicited increase in cAMP levels in C4da axon terminals. Imaging-based cAMP sensor Epac1-camps was expressed specifically in nociceptors, and their presynaptic terminals were imaged for Fö rster resonance energy transfer (FRET). AITC was used to activate nociceptors. Levels of cAMP were quantified as changes in the inverse FRET ratio, which is CFP intensity divided by YFP intensity (DCFP/YFP) scanned with a 458-nm confocal laser (n = 5 larvae per group). (G and H) Knockdown of 5-HT1b in C4da neurons, but not that in A08n, significantly blocks the effect of ipsapirone on nociceptor-to-SON transmission. The graphs show the ratio of AITC-elicited maximum DF/F 0 in the presence of 10 mM ipsapirone over that in the presence of DMSO (vehicle) . This ratio indicates the extent of serotonergic inhibition of AITC-elicited responses in A08n. In the schematic, neurons expressing GCaMP6f and RNAi are shown in green and purple, respectively. An RNAi line against mCherry was used as a negative control. 5-HT1b #1 (B-33418) and 5-HT1b #2 (B-27635) were used to knock down 5-HT1b changes in the nociceptive circuit while maintaining the normal functions of other sensory modalities. Second, the nociceptive circuit establishes plasticity by sensitizing nociceptor presynaptic terminals to serotonin, rather than by enhancing the activity of serotonergic neurons; this allows the nervous system to maintain other serotonin-dependent functions. It is interesting to note that the plasticity achieved through this feedback motif implies a homeostatic mechanism that maintains the activity levels of serotonergic neurons when those of SONs are reduced. Last, by modulating the presynaptic terminals of nociceptors, but not the postsynaptic neurons, nociceptor input-induced plasticity allows the postsynaptic neurons to maintain their normal responses in other modalities (e.g., mechanosensation) ( Figures  3D and 3G ).
The Role of Serotonergic System in the Plasticity of Sensory Gating
We found that the strength of serotonergic modulation is plastic, such that stimulation of nociceptors during development sensitizes nociceptor presynaptic terminals to serotonergic inhibition. This plasticity is probably established through use-dependent strengthening of the serotonergic modulation; noxious input during development likely leads to chronic activation of serotonin receptors in nociceptor presynaptic terminals, which in turn sensitizes these presynaptic terminals to serotonergic modulation. The enhanced sensitivity may be achieved through (1) an increase in the expression level of serotonin receptors in the presynaptic terminals, for example, through CREB-dependent gene expression (Bartsch et al., 1998; Dash et al., 1990) ; (2) modification of a signaling transduction pathway that leads to reduced presynaptic neurotransmitter release, which would be a novel form of synaptic scaling; or (3) modification of the function of the serotonin transporter in presynaptic terminals (Fabre et al., 2000) . Our study lays the foundation for future studies of the molecular pathways that underlie nociceptor input-induced plasticity.
Ethological Significance of Sensory Input-Induced Plasticity in the Nociceptive Circuit Developmental plasticity of the nervous system allows animals to adapt their behaviors to survive in a unique, yet stable, environment. Larvae have fewer degrees of freedom in choosing their environments than do adult flies and vertebrates. As nociceptive curling and rolling are disruptive to baseline functions of the larval nervous system, it is conceivable that developing in an environment in which there is excessive noxious sensory input requires that the animal suppresses nociceptive circuit function for survival. Identification of nociceptive circuit-specific plasticity suggests a neural mechanism for survivability in the presence of noxious environmental factors, such as noxious heat and plantderived chemicals. This type of behavioral modulation may be useful in the natural environment, as Drosophila melanogaster lives in a wide range of geographic locations and environments (Singh et al., 1982) . Moreover, some noxious chemicals have antimicrobial properties (Billing and Sherman, 1998; Zhang, 2010) and could potentially protect Drosophila from bacteria or deleterious fungi in rotten fruits. Finally, our data show that exposure (B) Developmental stimulation of C4da neurons sensitizes C4da-to-A08n transmission to ipsapirone. AITC was used to stimulate C4da neurons for calcium imaging. 0, 1, or 10 mM ipsapirone was mixed with AITC and applied sequentially from low to high concentrations (n = 12 neurons [from six larvae] for each group). (C-E) Noxious stimulation during development (2.5 mM AITC) significantly diminishes AITC-elicited increase in cAMP levels in C4da axon terminals without affecting basal cAMP levels. Average traces of cAMP responses (C), quantification and statistical analysis of cAMP levels (n = 7 for each group, D), and quantification and statistical analysis of basal cAMP levels (E) are shown. The value YFP 458 /YFP 515 was normalized by dividing the average of the ÀAITC group (n = 7 for each group).
(F) Developmental activation of nociceptors does not reduce A08n responses to nicotine. Three different concentrations of nicotine were applied to the brains of mature larvae, and changes in calcium levels in A08n somata were analyzed. Since A08n is specific to nociceptive inputs, A08n responses to nicotine reflect its responses to nociceptive inputs (n = 9 in each group).
(G) A model that explains the experience-dependent sensory input-induced plasticity in nociceptor-to-SON transmission. Left panel: acute noxious stimulation in mature larvae increases cAMP levels in the presynaptic terminals of nociceptors (shown in teal), and it leads to robust synaptic transmission to SONs (shown in orange). Serotonergic neurons (shown in purple) suppress cAMP levels in nociceptor presynaptic terminals. Right panel: developmental noxious stimulation enhances the responsiveness of nociceptor presynaptic terminals to 5-HT modulation in mature larvae, leading to further suppression of cAMP production and reduced synaptic transmission to target neurons. Error bars represent SEM. The pathway-specific plasticity of the developing nociceptive circuit in Drosophila is different from the serotonergic facilitation that occurs during sensitization of the defensive gill-withdrawal reflex in Aplysia. In the Drosophila nociceptive circuit, activity in nociceptors (S) leads to activation of both SONs in the circuit and serotonergic interneurons (5-HT), while in Aplysia gill-withdrawal reflex circuit, serotonergic interneurons are activated by another sensory pathway (S2).
to low levels of the insecticide AITC results in modulation of insect behavior, which indicates potential unintentional ecological consequences of insecticide off-target effects.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
Behavioral tests
Embryos were collected for 6-12 hr at 25 C on basic fly food. The fly food was mixed with 4 mM ATR for optogenetic stimulation, 2.5 to 5 mM allyl isothiocyanate (AITC, Sigma) for AITC-mediated developmental stimulation, or 5 mM 5-hydroxytryptophan (5-HTP, Sigma) for 5-HTP feeding. On day 5, mature (wandering 3 rd instar) larvae were transferred to room temperature, removed from food, rinsed, and left in the dark for 1 hr before being tested for behavioral responses. Control and experimental groups were paired in all behavioral tests.
Optogenetic behavioral tests were done on B35 mm grape-agar plates covered with 1 mL water in a dark room. For optogenetic stimulations, a light intensity of 26 mW/mm 2 was used unless otherwise stated. 470 nm Blue LED (CREE XP-E Blue 3W LED, RapidLED) was used for ChR2 activation. ChR2-mediated nociceptor stimulation was performed by ppk-GAL4/UAS-ChR2::YFP or ppkChR2::YFP, as indicated in the figures. Neurons in the CNS-A08n and TRH-were stimulated by expressing CsChrimson::Venus using 617 nm red LED (CREE XP-E Red LED, RapidLED). LED stimulation was for 5 s.
AITC behavioral tests were performed on 12-well grape-agar plates. Each well was covered with 300 mL of 25 mM AITC before transferring one larva to the well. Only single larvae were placed on each well so that individual larvae could be tracked for two min.
Sample sizes were estimated based on previous publications in the field (Jovanic et al., 2016; Ohyama et al., 2015) . To reduce possible variation in each batch of fly cultures, samples from more than 3 separate trials, each of which included similar numbers of samples, were analyzed. The behavioral tests with AITC as the stimulant were more subject to variations of experimental conditions. To eliminate experimenter bias, these experiments were done in double-blind fashion. The video recorded by the primary experimenter was coded and randomized by another experimenter. After the primary experimenter quantified the data, the recordings were decoded for statistical analysis. All behavioral data were included in the statistical analyses.
Developmental optogenetic stimulation Automatic optogenetic stimulation (26 mW/mm
2 ) of nociceptors during development was achieved by a custom-made array of LEDs.
Illumination duration and frequency were controlled by a BASIC Stamp microcontroller, and intensity by a PWM Dimmer. LEDs (CREE XP-E Blue 3W LED, CREE XP-E Red LED) were mounted on aluminum heatsinks (RapidLED). For even distribution of light on the agar dish for rearing larvae, the light emitted by LED passed through an 80 CREE XP-E/XP-G lens. Developmental optogenetic stimulation was performed in a 25 C incubator. LEDs were programmed to turn on for 5 s every 5 min throughout the appropriate experimental duration.
Calcium and cAMP imaging
Live imaging of calcium and cAMP levels was conducted on a Leica SP5 confocal microscope equipped with a resonant scanner, an acousto-optical beam splitter, and an HC Fluotar L 25x/0.95 W VISIR immersion objective (Leica). Calcium levels were measured by imaging with the GCaMP6f indicator . Larvae were dissected as previously described (Matsunaga et al., 2013) . Dissection and imaging were performed in a modified hemolymph-like 3 (HL3) saline (70 mM NaCl, 5 mM KCl, 0.5 mM CaCl 2 , 20 mM MgCl 2 , 5 mM trehalose, 115 mM sucrose, and 5 mM HEPES, pH 7.2) (Stewart et al., 1994) . 7 mM glutamate was added to the HL3 solution to block muscle contractions and eliminate motor feedback to the sensory circuits by saturating glutamate receptors at the neuromuscular junction (Macleod et al., 2004; Reiff et al., 2002 Reiff et al., , 2005 . A low concentration of calcium was also used to reduce muscle contraction and nerve damage during dissection (Caldwell et al., 2013) . Calcium responses were recorded in xyzt mode such that an image stack was taken every 1 s or 2 s over the course of the experiment. ATP/P2X 2 technique was used to stimulate neurons for calcium imaging with the expression of rat ATP-sensitive cation channel P2X 2 . Because there are no ATP-sensitive channels in Drosophila, ATP application excites neurons that express P2X 2 . This approach is particularly instrumental when GCaMP-implemented calcium imaging is used to record neuronal activity due to an overlap in the excitation wavelengths of ChR2, CsChrimson (activated by both red and blue light), and GCaMP. Unless otherwise stated, 1 mM ATP was used to activate neurons expressing P2X 2 . ATP (Sigma) was first dissolved in water to 100 mM and then diluted to the final concentrations with HL-3. We used the ValveBank 4 Pinch Valve Perfusion System (Automate Scientific) to control perfusion of ATP.
In addition to the ATP/P2X 2 technique, AITC was used as a natural stimulant to activate nociceptive neurons, and nicotine to activate A08n neurons. AITC, ipsapirone (Tocris), and (-)-nicotine tartrate (Fisher Scientific) were bath-applied to the specimen; concentrations are indicated in the figure legends. AITC (Sigma) was first dissolved in DMSO to 1 M, and then diluted to the final concentrations with HL-3. In experiments that test the effects of ipsapirone while stimulating nociceptors, ipsapirone was mixed with AITC before being applied to the samples. cAMP levels were measured by imaging with the Epac1-camps indicator Yao et al., 2012) . The procedure for cAMP imaging was the same as that for Ca 2+ imaging described above except for the following. The Epac1-camps indicator was specifically expressed in nociceptors, whose presynaptic terminals were imaged for FRET. Hence the observed cAMP levels were only those in C4da presynaptic terminals. 2 mM AITC was used to activate nociceptive neurons. In Figure 6C , ipsapirone was mixed with AITC before being applied to the specimen. A Z stack was taken every 3 s over the course of the experiment. Sample sizes were estimated based on previous publications in the field (Jovanic et al., 2016; Ohyama et al., 2015; Yao et al., 2012) . To reduce possible variation in each batch of fly cultures, samples from more than 3 separate trials, each of which included similar numbers of samples, were analyzed. Several key findings, including the effects of developmental stimulation on behavior and synaptic transmission and the pathway-specificity of the plasticity were repeated by multiple experimenters. All data were included in the analyses with the exception that neurons with low levels of AITC-evoked responses (< 50% MaxDF/F 0 ) before ipsapirone treatment were not included in Figures 5G and 5H . This is to minimize the masking of ipsapirone suppression caused by low levels of initial response.
Immunostaining
Third instar larvae were dissected and stained as described previously Wang et al., 2013) . Primary antibodies used were: mouse anti-GFP (1:100, Sigma, RRID: AB_259941); chicken anti-GFP (1:2500, Aves Laboratories, RRID: AB_2307313); rabbit anti-RFP (1:5000, Rockland, RRID: AB_2209751); and rat anti-HA (1:250, Roche, RRID: AB_390915). Secondary antibodies used were (1:500, Jackson ImmunoResearch): donkey anti-mouse Alexa Fluor 488 (RRID: AB_2340846), anti-chicken Alexa Fluor 488 (RRID: AB_2340375), anti-chicken Alexa Fluor 647 (RRID: AB_2340380), anti-rabbit Rhodamine RX (RRID: AB_2340613), and antirat Alexa Fluor 647 (RRID: AB_2340694).
Synaptobrevin-GRASP Syb-GRASP was performed as described previously . Reconstituted GFP (i.e., GRASP) signals were detected by anti-mouse monoclonal GFP antibody (1:100, Sigma, RRID: AB_259941, referred to as anti-GRASP). Syb::spGFP [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] was preferentially detected by anti-chicken polyclonal antibody (1:2500, Aves Laboratories, RRID: AB_2307313, referred to as anti-spGFP 1-10 ).
QUANTIFICATION AND STATISTICAL ANALYSIS
Quantification of behaviors
Rolling was counted only when a larva exhibited at least one complete (360 ) rotation of the body along a rostrocaudal axis (Hwang et al., 2007) . Curling is defined as an acute decrease in body angle formed by simultaneous movements of the head and tail immediately upon noxious stimulation. The numbers of larvae that rolled and curled were manually counted in slow motion (0.5 -0.25 x speed) over the 5 s stimulation interval for optogenetic assays or over the 2 min period of AITC stimulation. Percent rolling and curling were the number of larvae that rolled or curled divided by the total number of larvae counted (number of larvae that rolled or curled x 100/Total larvae).
Body angle was calculated as the angle between the two lines that connect the middle point of the skeleton and each of the two end points of the skeleton. The angle ranges between 0 and 180 with a smaller angle indicating a more curled larva. To obtain the skeleton and its middle and end points, a custom ImageJ plugin was developed to first detect and track the larvae at each frame. Contours of the detected larvae were then smoothed using a 3x3 mean filter. A skeletonization algorithm was applied to obtain the centerlines of the detected larvae. A longest-path search was then performed to remove the small spurs and result in a clean centerline of the animal. The middle point of the skeleton is the point on the skeleton line with equal distances to the two end points along the skeleton. The positions of the middle point and two end points of the skeleton line were used for the body angle calculation, as described above.
Quantification of calcium and cAMP Responses
The ImageJ software (NIH) with the Time Series Analyzer plugin was used to analyze the xyzt projection movie. The average intensity of a selected region of interest (ROI) was measured over the course of the experiment.
To quantify calcium responses, the change in GCaMP6f fluorescence was calculated by DF/F0 = (Ft -F0)/F0, where Ft is the fluorescent mean value of an ROI in a given frame. F0 is the baseline 30 s interval before stimulation. Max DF is the maximum value during the stimulation period of the recording. To analyze the activity levels of A08n neurons, Max DF/F0 for individual A08n neurons were plotted on the graph and used for statistical analyses (i.e., each dot indicates one A08n). Because the responses of Basin-4 neurons-unlike A08n neurons-are highly variable within each VNC (data not shown) (Jovanic et al., 2016) , the average of Max DF/ F0 of 10 Basin-4 neurons from abdominal segments 3-7 in each VNC were calculated to represent the Basin-4 activity in each VNC.
The cAMP response level was quantified as changes in the inverse FRET ratio, which is CFP intensity divided by YFP intensity (DCFP/YFP) scanned with a 458-nm confocal laser. The cAMP basal level was quantified as YFP intensity scanned with a 458-nm divided by that scanned with a 515-nm laser (YFP 458 /YFP 515 ). The n represents the number of larvae tested.
Statistical analysis
Statistical analysis was performed using Prism software. Fractions of rolling and curling behavior under stimulation were analyzed using the chi-square test. Calcium and cAMP imaging, and axon terminal length of single C4da neurons were analyzed using the nonparametric Mann-Whitney U-test. For multi-group comparisons, Kruskal-Wallis tests were conducted. In all figures, N.S., *, **, and *** represent p > 0.05, p < 0.05, p < 0.01, and p < 0.001, respectively. Error bars are standard errors of the mean.
